We constructed a yeast stain, TKY12Ga, in which phosphatidylethanolamine (PE) synthesis can be controlled by means of the carbon source in the medium. When PE synthesis was blocked, its growth was inhibited. However, in the presence of exogenous didecanoyl PE (diC10PE), TKY12Ga grew despite an inability to synthesize PE. Our system, which employs TKY12Ga strain and diC10PE, provides a valuable tool to study the transport and metabolism of PE in yeast.
Phosphatidylethanolamine (PE) is one of the most abundant nonbilayer phospholipids, comprising about 20% of total phospholipids in eukaryotic cells. 1) In Saccharomyces cerevisiae, biosynthesis of PE is accomplished through either of two pathways, decarboxylation of phosphatidylserine (PS), and the CDP-ethanolamine branch of the Kennedy pathway.
2) The major route of PE synthesis in yeast is decarboxylation of PS by two decarboxylases, Psd1p and Psd2p. The CDP-ethanolamine pathway synthesizes PE from exogenous ethanolamine or endogenously formed ethanolamine through a lipid turnover process, such as degradation of long-chain sphingoid base 3) or degradation of the PE by phospholipase D. 4) In S. cerevisiae, PE is essential for growth because deletion of both PSD1 and PSD2 is lethal without a PE supply through the Kennedy pathway. 5) While the mechanism of PE synthesis has been well elucidated, little is known about the intracellular transport and metabolism of PE in eukaryotic cells. To determine the mechanism of phospholipid transport and metabolism, it is effective to establish a system in which exogenous phospholipids or phospholipid analogs are incorporated into the cells and to monitor their movement and metabolism in the cells. We have reported that an S. cerevisiae mutant that is auxotrophic for choline or ethanolamine due to a defect in PS synthesis grew in the presence of dioctanoyl phosphatidylcholine (diC8PC) or didecanoyl PC (diC10PC). 6) Since PC is essential for growth in yeast and the length of acyl chains in endogenous PC is C14 to C18, it was speculated that acyl chains in diC8PC and diC10PC were exchanged with longer ones. To elucidate the mechanism of transport and metabolism of another essential phospholipid, PE, it is of great interest to determine whether yeast strains defective in the synthesis of PE grow in the presence of exogenous PE. Storey et al. have constructed a psd1Ápsd2Ádpl1Á strain that synthesizes PE only in the presence of exogenous ethanolamine. However, deletion of DPL1 can cause an accumulation of sphingosine-1-phosphates (S-1-Ps), which are toxic to the yeast cells. 7) Here, to eliminate the effect of accumulation of those S-1-Ps, we constructed a yeast stain, TKY12Ga, that is defective in PS decarboxylation by deletion of PSD1 and PSD2. PE synthesis of this strain can be controlled by the carbon source in the media through replacement of the promoter of ECT1, encoding CTP:phosphoethanolamine cytidylyltransferase, a key enzyme in PE synthesis through the Kennedy pathway, with the galactose-inducible and glucose-repressible GAL1 promoter, in its chromosomal location (Table 1) . 8) To delete the PSD1, a DNA fragment was PCR amplified with primers PSD1-K1 (5 0 -GCTCTAGCATTGGATCT-TAC-3 0 ) and PSD1-K2 (5 0 -TACCACCTCTTCGCAA-CTGG-3 0 ) with total DNA from BY4741Ápsd1 as a template, and this was introduced into W3031A to construct TKY1a. To replace the ECT1 promoter, a DNA fragment containing the 5 0 upstream region of ECT1, HIS3, GAL1 promoter, and ECT1 ORF was constructed and introduced into TKY1a to obtain TKY1Ga. The primers used to amplify the 5 0 upstream region and the ORF of ECT1 were PECT1-U (5
0 ), and y To whom correspondence should be addressed. Fax: +81-3-5841-8015; E-mail: aaohta@mail.ecc.u-tokyo.ac.jp Abbreviations: diC8PC, dioctanoyl phosphatidylcholine; diC10PC, didecanoyl phosphatidylcholine; diC10PE, didecanoyl phosphatidylethanolamine; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS, phosphatidylserine; S-1-P, sphingosine-1-phosphate ECT1-r (5 0 -GGCGAATTCTTATATGGACATTCCCT-TTTTT-3 0 ). DNA fragments containing HIS3 and GAL1 were excised from pYAC-RC 9) with BamHI and from pYPR3831 10) with BamHI and EcoRI, respectively. PSD2 was deleted from TKY1Ga, as previously described, 11) to obtain TKY12Ga. The primers used for deletion of PSD2 were PSD2-Af (5 0 -TTCTTTGCGGCGGAT-TCTGA-3 0 ), PSD2-Ar (5 0 -TGTTCTTGCCTCGCTTT-CTGCC-3 0 ), PSD2-Bf (5 0 -GAAAATGCCAAGAGTAC-AGGA-3 0 ), and PSD2-Br (5 0 -ATTATGCTAGATTGG-GTTCCG-3 0 ). Gene deletions and promoter replacement were confirmed by PCR and Southern blot analysis (data not shown).
TKY12Ga grew in minimal medium containing galactose (SG medium) in the presence of 1 mM ethanolamine (Fig. 1A) . The addition of 1 mM choline to the SG medium also supported the growth of TKY12Ga, probably because the cells synthesized enough PE for growth through the Kennedy pathway with phosphoethanolamine derived from the degradation of dihydrosphingosine-1-phosphate or phytosphingosine-1-phosphate by Dpl1p. In contrast, when TKY12Ga was shifted to glucose-containing minimal medium (SD medium), its growth was suppressed even in the presence of ethanolamine (Fig. 1A) .
When TKY12Ga was shifted to liquid SD medium at a starting OD 600 = 5 Â 10 À4 , its growth was arrested at about OD 600 = 0.5 after 10 to 11 cell divisions (Fig. 1B) . This time lag before cell growth arrest was probably due to the time required to consume residual Ect1p, ethanolamine, and/or PE. When TKY12Ga was cultured in SG medium, the PE content was about 8% of that of the major phospholipids. In contrast, when cultured in SD medium for 48 h, the PE content was reduced to 1%, accompanied by growth repression (Fig. 1C) .
Next we examined the effect of the addition of 100 mM didecanoyl PE (diC10PE) on the growth of TKY12Ga (Fig. 2) . TKY12Ga grew in the presence of diC10PE on SD medium, suggesting that TKY12Ga utilizes exogenous diC10PE to maintain its growth under a condition in which PE synthesis is suppressed. Since ECT1 expression is strongly repressed by glucose, diC10PE or monoC10PE is probably incorporated and utilized by this yeast strain. 12) Since it has been reported that the length of acyl chains of endogenous PE in S. cerevisiae is C14 to C18 in general, a 10-carbon-fatty acyl residue appears to be too short to maintain the structure and function of the biological membrane. Therefore, diC10PE would have to be remodeled according to the ones containing acyl chains of normal length as endogenous PE to support the growth of yeast when PE synthesis is suppressed. Phospholipids in biological membranes contain diverse species of fatty acyl chains, and remodeling of fatty acyl chains is supposed to contribute to the maintenance of membrane homeostasis. However, the mechanism and physiological roles of remodeling of acyl chains in PE A, W3031A and TKY12Ga were plated on SG or SD medium with/without 1 mM ethanolamine or choline and incubated at 30 C to consume residual Ect1p, ethanolamine, and/or PE. Then the cells were plated again on the same medium and incubated at 30 C. B, W3031A and TKY12Ga were seeded to SD medium containing 1 mM choline at a starting OD 600 = 5 Â 10 À4 , and incubated at 30 C. The growth curve was obtained with an automatically recording incubator TN1506 (Advantec, Tokyo). C, Composition of major phospholipid in TKY12Ga. W3031A and TKY12Ga were pre-cultured in SG medium containing 10 mCi/ml [ 32 P]KH 2 PO 4 for 48 h (0 hr). Then the cells were transferred to SD medium containing the same concentration of [ 32 P]KH 2 PO 4 at a starting OD 600 = 5:0 Â 10 À4 , and incubated for the indicated times. Cells were harvested and phospholipids were extracted. The phospholipids were separated by two-dimensional TLC, and the radioactivity in each phospholipid spot on the TLC plate was quantified by FLA-3000 (Fuji Film, Tokyo) . are yet to be clarified. Although further analysis of the metabolism of incorporated PE is necessary, the current study provides an effective means for analysis of transport and metabolism, particularly remodeling of PE in yeast.
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